annual or periodic basis. The influence of winter feeding on weight dynamics and reproduction has been studied in confined elk (Thorne and Butler 1976, Thorne et al. 1976 , Oldemeyer et al. 1993 ), but the effects of winter supplementation on birth weight, growth, and survival of free-ranging elk are unknown.
We measured birth weights, birthdates, early neonatal growth, and monitored survival during 1990-92 of a free-ranging elk herd that was supplementally fed in winter at the NER. These data were collected from calves born in Grand Teton National Park (GTNP) and from calves born in the Bridger-Teton National Forest (BTNF). In addition, calves born to wild elk cows confined in pastures and supplementally fed at the NER during the winters of 1978 , 1980 (Oldemeyer et al. 1993 ) provided a comparative sample from elk held under controlled conditions. We tested the following predictions of density effects on reproduction:
1. Birth weights of calves born in GTNP would be lower than birth weights of calves born outside GTNP, where elk densities were lower (Ro- 
STUDY AREA
The study was conducted in the Jackson elk herd unit, which encompassed 5,490 km2 in the Snake River watershed of northwest Wyoming. Elevations ranged from 1,950 to >3,650 m. Cole (1969) , Boyce (1989) , and Smith and Robbins (1994) described the herd unit's boundaries, topography and vegetative communities. Summer ranges of the elk varied from sagebrush (Artemisia spp.) grasslands to subalpine coniferous forests of lodgepole pine (Pinus contorta) and subalpine fir (Abies lasiocarpa) to alpine tundra. The National Elk Refuge encompassed 98 km2 of irrigated grasslands, shrublands, and mixed conifer-aspen (Populus tremuloides) forest near the southern end of the Jackson Hole Valley (Fig. 1) . Mean annual temperatures decreased, and precipitation and snowfall increased in the Jackson elk herd unit from the NER northward to Yellowstone National Park (YNP) (Smith and Robbins 1994 ). The Jackson reporting station, adjacent to the NER, received 420 mm precipitation annually. Mean January andJuly monthly temperatures were -9.3 and 16.2 C (Nat. Oceanic and Atmos. Adm. 1970-86; Fig. 1 ).
More than 80% of the elk herd is supplementally fed for about 3 months each winter at either the NER or 1 of 3 State of Wyoming feedgrounds. About half the elk that winter on the NER summer in GTNP, 28% in southern YNP, and the remainder in the Bridger-Teton National Forest (Smith and Robbins 1994), a significant increase in the proportion of elk summering in GTNP from the 1960s (Cole 1969 
METHODS

Calf Capture
During 1990-92, we captured 165 newborn calves within a week of birth. Six were captured on foot, 8 from horseback, and 151 from a Hillar 12-E helicopter. A stratified random sampling design called for capturing 2 groups of 25 neonates each year-1 group that would summer inside GTNP and another group that would summer outside the park. We allocated captures among 8 distinct calving areas (Fig. 1) based upon the proportion of adult cows that used each calving area and the probability that animals born in each area would summer inside or outside GTNP (Smith and Anderson 1996) . These 
Aging Criteria
Captured calves were manually restrained, blindfolded, hobbled, sexed, aged, and weighed to the nearest 0.25 kg. We considered weights of calves <1 day old as birth weights. To age neonates captured during 1990-92, we measured eruption of incisor 1 and diameter of the umbilicus with calipers, and categorized degree of healing of the umbilicus, hardening of the hooves, and stature/coordination of each animal according to Johnson (1951) . Relation of these variables to age was modeled with stepwise multiple regression.
A daily rate of gain of 0.8 kg/day was reported for captive-raised, maternally nursed elk neonates during the first month postpartum in Washington (Robbins et al. 1981 ) and in Wyoming (Thorne et al. 1976 ture weights of the 1990-92 calves were corrected with either of these reported rates of gain, estimated birth weights of calves >2 days old were significantly greater than capture weights of calves <1 day old (P = 0.001). Therefore we estimated birth weights of calves > 1 day old by regressing capture weight on age. The regression slopes provided the sex-specific daily rates of gain of males and females.
Survival of Calves
An expandable 230-g radiocollar (Telonics Inc., Mesa, Ariz.), was placed on each calf. A mortality switch with a 5-hour delay was integrated into the transmitter's circuitry. Smith and Anderson (1996) reported the protocols for monitoring radiotransmitters and for conducting forensic investigations. Nineteen calves that cast their collars before 15 July and 5 additional calves that cast collars later in summer or fall were censured from calculations of survival.
Neonatal, winter, and annual survival was analyzed by cohort as a function of mean cohort birth weight during 1990-92 with least squares linear regression. We did not measure age, weight, condition, dominance rank, and other characteristics of dams that may influence birth weights of calves and subsequent survival. Dams of all calves born to a cohort were subject to a similar set of environmental variables, providing a sample size of 3 data points. Therefore, we did not use logistic regression to test maternal and environmental effects on individual offspring survival.
Forage Quality
Samples of the pelleted hay, weighing 2 kg each, were randomly collected from feed storage sheds and sent to Bar Diamond Inc. in Parma, Idaho for analyses of crude protein, digestible dry matter, and digestible energy content. On 25 March 1992, samples of new grass growth were collected from 5 locations on the NER. Fifty-g samples of plants consumed by the wintering elk herd were clipped to simulate the removal of leaves by the elk. These were airdried and sent to Bar Diamond Inc. for analyses.
Statistical Treatment
Regression, ANOVA, Student's t-test, and Chisquare routines in the SYSTAT (SYSTAT, Inc., Evanston Ill.) for Windows statistical software package were used to test hypotheses. We used 2-way ANOVA to test the relation of sex and year of birth to age of calves, and to test the effects of sex and whether birth weights were known (calves <1 day old) or estimated (calves >1 day old) on birth weights. Tukey's HSD procedure was used to test pairwise differences of ANOVA results. Differences between sexes and among years of the non-normally distributed birthdates were tested with nonparametric tests. To examine whether births of either sex were more prevalent among late-born and early-born calves, Chi-square frequencies of the sexes among the earliest third of births were compared to frequencies among the last third.
Birth weights and growth rates of neonates may be indirectly affected by supplemental feeding of adult females. Relations between cohort birth weights and mean daily ration level, number of days fed annually, starting date of feeding, and ending date of feeding each winter were interactively examined with stepwise, multiple regression. We also examined the correlation of cohort birth weights with 2 measures of elk density on winter ranges collected annually: (1) numbers of elk counted on the NER feedgrounds, and (2) total herd size estimates derived from feedground counts plus helicopter censuses of elk not attending feedgrounds (Smith 1994b) . Alpha <0.05 was considered significant for all statistical tests. Statements that 2 categories "tended" to differ indicate a result that approached significance with additional grounds for believing that a difference existed. All means are presented ? standard errors (SE).
RESULTS
Ages of Calves 1990-92
Mean ages were 3.5 ? 0.19 days of 90 captured males and 3.7 ? 0.20 days of 75 captured females (range = 0-7 days, Table 2 ). Capture age did not differ among years (F2,59 = 2.22, P = 0.11), or between sexes (F,,,59 = 0.86, P = 0.36). For females, the model age = constant + capture weight + incisor eruption + umbilicus diameter explained 93% of the variance (R2 = 0.93, F367 = 312.8, P < 0.001). The same model explained 87% of the variance in ages of males (R2 = 0.87, F38 = 98.2, P < 0.001). Incisor eruption alone explained 76% (F1.~ = 178.5, P < 0.001 for males) and 87% (F.69 = 434.7, P < 0.001 for females) of the variation in ages. 
Capture Weights 1990-92
There were no significant differences in capture weights of males (F,28 = 1.50, P = 0.23), females (F,,72 = 0.50, P = 0.61), and all calves (F2.62 = 1.00, P = 0.37) among the 3 years of the study. Capture weights were correlated (P < 0.001) with age at capture of males (r = 0.88) and females (r = 0.72). Table 2 ) and tended to be more prevalent among late births (x2 = 3.43, 1 df, P = 0.064; Fig. 3) .
Sex-Specific Birth Weights
Mean annual birthdates of confined and freeranging elk were not compared. During 1990-92, our sample of birthdates may not have been representative of all births in the population because intensive searching for calves was terminated before parturition was completed. Supplemental Feeding Levels and Duration.-Cohort birth weights were not correlated with feed rations (P = 0.65; Table 3 ). Rations fed to the confined elk in 1978-82 were held constant at 2.3 kg/day, to evaluate weight dynamics of females, but were no different than rations fed to the free-ranging herds those winters (t = -1.69, 6 df, P = 0.14). Larger daily rations were fed to elk during 1990-92 than 1978-82 primarily due to depletion of standing forage biomass by the larger numbers of elk during 1990-92 (Table 3) . Of those variables associated with the length and timing of feeding, starting date of feeding (r = 0.71, P = 0.041) and number of days fed (r = -0.8, P = 0.03) were each correlated with cohort birth weights, although in the opposite directions expected if winter feeding were to promote larger birth weights (Fig. 4) . Larger cohort birth weights followed winters when feeding started later and extended over fewer days. Refuge managers began feeding earlier in years when larger numbers of elk wintered on the refuge and December snow cover was deeper (R2 = 96.5, P < 0.001).
Relation of Birthdate and Birth Weight
The number of days elk were fed each winter reflected winter duration, primarily the depth and duration of snow cover. In years when combined December and January snow depths were greater, the elk were fed for more days (r = 0.95, P = 0.001). The ending date of feeding varied inversely with March temperatures (r = -0.82, P < 0.023). When March temperatures were warmer, supplemental feeding was ended earlier (r = -0.82, P < 0.023), as elk foraged on new grass growth. Although elk were fed a diet of high quality alfalfa hay, the digestibility and the crude protein content of new grass were far superior to the hay (Table 1) . Larger cohort birth weights followed winters when feeding started later and extended over fewer days. Feeding began later and elk were fed fewer days when December snow depths were shallower and animals were presumably less nutritionally stressed. Once feeding began, the energetic costs of foraging in deep snow (Parker et al. 1984) were offset by the ease of meeting maintenance requirements on supplemental feed. However, temperate cervids lower activity, metabolism and food intake in winter (Mautz 1978a, Nelson and Leege 1982) which lowers the potential benefit on reproduction of feeding the high quality alfalfa hay provided at the NER.
Survival of Calves
Weather Effects
Winter feeding of Jackson elk apparently does not mitigate the effects of adverse winter conditions on female elk and birth weights of their offspring. Our results suggest that fetal growth was negatively affected by (1) the dam's condition entering late pregnancy related to temperatures in December and January (largely before supplemental feeding began), and (2) . We also found spring (Mar) temperatures to be a major component of variation in cohort birth weight. Cohort birth weight and consequent cohort survival were significantly related only during winter, although the probability of Type II errors was high with survival of only 3 cohorts measured. Winter survival and cohort birth weight were correlated when the analysis was limited to those calves that entered each winter, but not when all calves born into each cohort were included. This finding is intuitively reassuring and should be considered when survival is evaluated seasonally in future studies. Additional years of data are needed to reliably evaluate the influence of spring temperatures and birth weights on survival of Jackson elk.
MANAGEMENT IMPLICATIONS
The influence of supplemental feeding on the early development of elk was apparently limited to the greater first week weight gains of Jackson calves than reported elsewhere. The overriding density-independent effects on birth weights have important implications for managers faced with public pressures to feed elk. Although emergency feeding may be warranted under the worst of conditions to reduce winter mortality, our findings suggest that at levels of food supplementation at the NER, winter feeding is not justified as a means of reducing low birth weights and increasing calf survival.
Calving areas with twofold differences in elk densities did not produce calves of differing birth weight. Density-dependent effects are highly non-linear, with substantial effects on population productivity occurring only as population density nears ecological carrying capacity (Sinclair 1977, Fowler 1981). Therefore, declines in birth weights and offspring survival, as a consequence of crowding on parturition areas and summer ranges within sanctuaries such as GTNP, may not occur until very high densities are reached.
